(a) Piezoelectricity in Nanotubes: We are combining first principles electronic structure methods, accurately parameterized tight binding models and analytical theory to study the pyro-electric and piezo-electric behavior of Boron Nitride nanotubes. The theory reveals that these structures, which are the III-V heteropolar analog to carbon nanotubes, are robust piezoelectric media wherein an electric dipole moment is linearly coupled to the modes of elastic deformation of the tube (stretch and twist). An analytic theory for these materials was developed relating the piezoelectric properties of the nanotube to the computed piezoelectric properties of an isolated two dimensional layer of Boron Nitride.
(b) Nanotubes as Optical Materials: We are investigating the optical excitations of carbon nanotubes with an emphasis on incorporating the effects of electron electron interactions into a theory which also properly describes the structurespecific band effects in the spectra. We find that electron electron interaction has a profound effect on the optical excitations. Comparison of the theory with experimental data clearly demonstrates the failure of a Fermi liquid description of the interacting electrons on a nanotube and highlights the role of the reduced dimensionality of these structures for determining their electronic excitations.
Electric Polarization of Heteropolar Nanotubes
BN nanotubes are the III-V heteropolar analogs of C nanotubes. BN nanotubes are found in single wall and multiwall structures. The broken sublattice symmetry leads to new physical effects not possible in the elemental carbon structure. In particular the symmetry of the BN nanotube allows the existence of a spontaneous electric dipole moment [1, 2] . This is interesting because it is absent by symmetry for both the carbon nanotube and the infinite planar BN sheet.
The pyro-and piezo-electric properties of nanotubes arise from both chemical and physical effects [3] . Chemical effects are short range in character and include curvature induced rehybridization of the electronic orbitals and the effects of relaxations of the positions of the atoms on the tube walls. By contrast physical effects are intrinsically nonlocal in character and are represented in terms of the total phase accumulated by an electron on a closed orbit around the tube circumference.
In recent work we found that the pyroelectricity of a heteropolar nanotube arises from the latter class of physical effects [2] . Specifically, in the modern quantum theory of polarized solids the electric polarization is computed from the geometric phase (Berry's phase) accumulated by the occupied electronic states as one introduces a potential that adiabatically connects an unpolarized and polarized state of the system. In the current funding year we extended this work to study the electromechanical behavior using density functional pseudopotential theory and tight binding theory for the electronic structure.
We discovered that the piezoelectricity of the tube arises from a local strain-induced redistribution of the valence charge density that can be analyzed quantitatively in terms of the former class of short range chemical effects [3] . Specifically we computed the piezoelectric constants of an isolated Boron Nitride sheet by combining first principles density functional pseudopotential theory with parameterized tight binding theory, and we used the latter to study the piezoelectric properties of a large family of nanotube structures. The theory demonstrated that the piezoelectric coefficients of the tube are large, and depend on the wrapped structure of the nanotube. Furthermore the piezoelectric constants can be predicted starting from the piezoelectric properties of an isolated planar sheet along with knowledge of the geometric transformation that maps the sheet onto the tube surface.
The theory also reveals that a general heteropolar tube has a contribution to its elastic energy from a term that is bilinear in the product of the uniaxial (stretch) and torsional (shear) strains. This stretch-twist coupling is impossible for a cylinder, but it does occur in chiral molecular structures (such as DNA) . Thus the coupling is a macroscopic observable that "measures" the intrinsic chirality of the nanotube structure [4] . Our proposed work will explore the consequences of this anomalous coupling and identify appropriate strategies for identifying it experimentally.
Optical Excitations in Carbon Nanotubes
Recent experimental work [5, 6] has shown that the optical excitations of individual carbon nanotubes can be accessed through fluorescence spectroscopy from a colloidal suspension of nanotube micelles with a distribution of radii and chiralities. This is accomplished by a two dimensional spectroscopy that measures the efficiency for luminescence at a single frequency as a function of the exciting frequency. The tag on the luminescence frequency acts as filter to select a single nanotube and the dependence of the PLE on the primary excitation frequency probes then probes the intrinsic excitations of that species [6] This spectroscopy is providing the first quantitative look at the optical excitation spectra of carbon nanotubes. The data show significant deviations from the predictions of the generally accepted theoretical modes of the nanotube electronic structure. In these models the electronic states of a graphene sheet are mapped onto the surface of a cylinder, where periodic boundary conditions in the wrapped direction then quantize the allowed crystal momenta of electrons on the tube. The deviations of the data from this model can be summarized with three general observations (a) the observed optical excitations are signficantly "blue shifted" (shifted to higher energy) with respect to the wrapping model.
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(b) the ratios of the observed excitation frequencies between quantized subbands violate the predictions of the wrapping model.
(c) the frequency shifts due to crystal field effects (these are due to threefold anisotropy in the band structure or trigonal warping effects) are unexpectedly large and are not symmetrically distributed about the mean value.
In all cases these deviations are disturbingly large. Since the carbon nanotubes provide a promising candidate as useful new optical materials, a quantitative understanding of these excitations is particularly important. Our work demonstrates that all three discrepancies have as their common origin the very significant effect of electron electron interactions on the interband excitations [7] [8] [9] [10] .
The low dimensionality of these structures prevents the screening of the long range part of the Coulomb interaction and this leads to very strong effects in the excitation spectra [7, 8] . Interestingly we find that the long range part of the Coulomb interaction leads simultaneously to strong self energy effects (this increases the bandgap) and strong binding of the electron hole pair into an exciton [10] . Remarkably, these effects, though separately quite strong, compete and nearly cancel. We discovered that the cancellation is exact in a solvable limiting case where the range of the interaction is made much larger than the sample size.
At shorter range, on the scale of a lattice constant, the nanotube is better described as a locally two dimensional structure.
Here, we find that the deviations of the data from the wrapping model clearly indicate a breakdown of the Fermi liquid description, in a manner which is consistent with the phenomenology of an interacting two dimensional degenerate electron sea [11] . We exploited this connection to develop an accurate scaling theory of the observed interband excitation energies, and demonstrated that the data collapse to the predictions of this scaling theory for the interacting system rather than the conventional wrapping model [10] .
The prediction of strongly bound excitons in the optical excitation spectra has a number of important implications for applications of these objects as optical materials, and these will be further explored in work planned for the coming year.
Scanning Tunneling Spectroscopy of Nanotube-Fullerene Peapods
C_60 can be incorporated into the interior of a carbon nanotube, where it condenses to form a one dimensional lattice. This changes the electronic properties of the hybridized system and the electronic properties of the hybridized nanotube-fullerene system are therefore of fundamental interest. The interaction of the encapsulated species with electrons propagating on the surface of the tube can be probed by position and energy resolved scanning tunneling spectroscopy. These experiments are being carried out by Yazdani's group at the University of Illinois [12] . We have developed a scattering theory [12, 13] to identify the features in STS that probe the symmetry and strength of the hybridization of the tube-derived and ball-derived electronic states. The theory was carried out for an isolated encapsulated C_60, an encapsulated C_60 dimer, and for a periodic lattice of C_60 molecules. The theory shows that the tube-ball interactions are relatively strong though highly constrained by the symmetry of the tube and the encapsulated C_60 molecules.
Proposed Work

Electromechanical Effects in Piezoelectric Tubes
The discovery of piezoelectric effects in a new class of heteropolar nanotubes offers the potential for many applications as nanometer scale actuators, sensors, etc. Our previous work on this problem has shown how the effect can be realized in a physical system, but is also leading us to appreciate that piezoelectricity in a low dimensional system is fundamentally different from its three dimensional counterpart. In essence this occurs because the short range quantum effects that lead to the piezoelectric response are confined in one dimension (in this case to the nanotube) but the electrostatic fields associated with a spatially varying bound charge density have the full three dimensional dynamics in the space surrounding the nanotube (as required by Maxwell's equations). The challenge is to develop an understanding of the appropriate boundary conditions on the mechanical strain, polarization and bound charge density for these sytems, and to understand the implications for controlling their polarization and the piezoelectric behavior. This will be studied, using the
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Excited State Dynamics of Carbon Nanotubes
We will extend our analysis of the optical spectra obtained in fluorescence microscopy from carbon nanotubes . The dynamics of the optically excited states, particularly when excited in the upper subbands is nontrivial and important for essentially all applications that will exploit the optical properties of these materials. In particular it seems clear from the relatively low quantum yield of the fluorescence (and it's time dependence which is beginning to be studied experimentally) that the the relaxation of hot electron holes to a bound exciton (from which they can radiatively decay) competes with other, as yet unidentified nonradiative relaxation channels. Recognizing the importance of Coulomb effects in the optical excitation spectrum, we will analyze carefully the "direct" and "exchange" contributions to the electron hole interaction, and use the results to estimate the energy splitting between the singlet and triplet excitons in the systems. The role of the low dimensionality of the structure is crucial in this system. We will use the results to explore possible "dark" (nonradiative) states into which the photoexcitations can relax, and attempt to understand the microscopic processes that control the quantum yield in the experiments.
